Abstract -From the XHIP catalogue, we have selected 1872 F-G-K stars with relative parallax measurement errors < 20% and absolute values of their space velocities relative to the Sun < 15 km s −1 . For all these stars, we have constructed their Galactic orbits for 4.5 Gyr into the past using an axisymmetric Galactic potential model with allowance made for the perturbations from the spiral density wave. Parameters of the encounter with the solar orbit have been calculated for each orbit. We have detected three new stars whose Galactic orbits were close to the solar one during a long time interval in the past. These stars are HIP 43852, HIP 104047, and HIP 112158. The spectroscopic binary HIP 112158 is poorly suited for the role of a kinematic sibling of the Sun by its age and spectroscopic characteristics. For the single star HIP 43852 and the multiple system HIP 104047, this role is quite possible. We have also confirmed the status of our previously found candidates for close encounters, HIP 47399 and HIP 87382. The star HIP 87382 with a chemical composition very close to the solar one is currently the most likely candidate, because it persistently shows close encounters with the Sun on time scales of more than 3 Gyr when using various Galactic potential models both without and with allowance made for the influence of the spiral density wave.
INTRODUCTION
Searching for stars that could be formed with the Sun in a common cluster is of great interest for studying the long-term evolution of the Solar system in the Galaxy. This problem has been solved in recent years based on stellar proper motions (Brown et al. 2010 ) and total stellar space velocities (Bobylev et al. 2011 ).
The stars born together are expected to retain a similar chemical composition for a long time (Bland-Hawthorn and Freeman 2004; Bland-Hawthorn et al. 2010 ). This provides a basis for the method of searching for chemical counterparts by analyzing spectroscopic data to determine the abundances of various chemical elements. Thus, when searching for kinematic siblings of the Sun, we proceed from the fact that their chemical composition should be maximally close to the solar one.
Not much is known about such specific characteristics of the protosolar cluster as its mass, density, initial size, and the number of members. Therefore, the paper by Pfalzner (2013) , where the possible developmental paths of such a cluster are discussed and extensive literature on this question is given, is of great interest. The author argues that the Sun most likely formed in a cluster like an OB association with an initial number of members of at least 1000. Such clusters are known to remain gravitationally bound structures for a very short time (several Myr) and to dissipate rather quickly under the influence of the Galactic gravitational field. However, the density of such structures is not high enough for the protoplanetary disks to be disrupted through mutual encounters of stars.
According to the estimates by Portegies Zwart (2009), 10-60 stars from the protosolar star cluster that initially contained ∼ 10 3 members can be currently contained in the solar neighborhood with a radius of 100 pc. Mishurov and Acharova (2011) showed that the influence of the spiral density wave could lead to a significant scattering of members of an initially compact cluster. According to their estimate, for about a hundred stars to be observable in the solar neighborhood with a radius of 100 pc, the protosolar cluster must contain at least 104 members. Thus, it is very important to take into account the influence of the spiral density wave in our problem.
This study is aimed at searching for potential candidates that could be formed with the Sun in a common cluster by analyzing their 3D kinematics. For this purpose, we search for stars whose Galactic orbits remained close to the solar one during a long time interval in the past. Possibilities for a new search arise from the appearance of the XHIP compilation (Anderson and Francis 2012), which allows the space velocities of ∼ 46000 Hipparcos stars to be analyzed.
DATA
In the XHIP catalogue, the parallaxes were taken from the revised version of the Hipparcos catalogue (van Leeuwen 2007) and the stellar proper motions were taken from the Hipparcos and Tycho-2 (Hog et al. 2000) catalogues or their combination. The radial velocity measurements are available for 46 392 stars. Previously (Bobylev et al. 2011 ), we worked with the catalogue by Gontcharov (2006) catalogue, which contains the radial velocities for 35 493 Hipparcos stars. There are more stars with measured radial velocities in the XHIP catalogue; new measurements were included for a number of single stars and, what is very important, the data for spectroscopic binaries were checked against the updatable SB9 bibliographic database (Pourbaix et al. 2004 ).
We selected 1872 F, G, and K stars with relative parallax measurement errors σ π /π < 20% and absolute values of their total space velocities relative to the Sun √ U 2 + V 2 + W 2 < 15 km s −1 . Compared to our previous paper (Bobylev et al. 2011 ), we relaxed significantly the selection criteria and, therefore, the number of stars for our analysis increased by an order of magnitude.
For all these stars, we constructed their Galactic orbits for 4.5 Gyr into the past using the three component axisymmetric Galactic potential model from Fellhauer et al. (2006) by taking into account the perturbations from the spiral density wave (Fernandez et al. 2008 ). For each stellar orbit, we calculated such parameters of its encounter with the solar orbit as the relative distance d and the relative velocity dV .
It can be assumed that the initial size of the protosolar cluster could be about 10-20 pc. Given that there are errors in the original observational data, we consider the falling of a star into the zone d < 50 pc in the time interval t < −3 Gyr at a relative velocity dV of several km s −1 an encounter.
ORBIT CONSTRUCTION Potential Model
We calculated the Galactic orbits of the Sun and stars by solving the following system of equations of motion based on a realistic Galactic gravitational potential model:
where Φ is the Galactic gravitational potential; the (ξ, η, ζ) coordinate system centered on the Sun rotates around the Galactic center with a constant angular velocity Ω 0 , with the ξ axis being directed toward the Galactic center, the η axis being in the direction of Galactic rotation, and the ζ axis being directed toward the North Galactic Pole; R 0 is the Galactocentric distance of the Sun. Bobylev et al. (2011) searched for candidates using the Galactic potential model by Allen and Santillan (1991) rigidly tied to R 0 = 8.5 kpc. According to the review, for example, by Foster and Cooper (2010) , the present-day value of this distance is R 0 = 8.0 ± 0.4 kpc. Therefore, in this paper, we used a potential model that approximated more closely the currently available data. This is the model by Fellhauer et al. (2006):
where
• the halo is represented by a potential dependent on the cylindrical Galactic coordinates
, where ν 0 = 134 km s −1 and d = 12 kpc;
• the disk is represented by the Miyamoto-Nagai (1975) potential dependent on the same coordinates: In the case where the spiral density wave is taken into account (Lin and Shu 1964; Lin et al. 1969 ), the following term (Fernandez et al. 2008 ) is added to the right-hand side of Eq. (2):
Here, A is the amplitude of the spiral density wave potential; f r0 is the ratio of the radial perturbation component from the spiral arms to the Galaxy's total attraction; Ω p is the wave pattern speed; m is the number of spiral arms; i is the pitch angle of the arms, i < 0 for a winding pattern; χ is the phase of the radial wave, the arm center then corresponds to the phase χ = 0 • ; and χ ⊙ is the Sun's radial phase in the spiral density wave.
Parameters of the Spiral Density Wave
The known parameters of the spiral density wave are very unreliable. As analysis of the spatial distribution of young Galactic objects (OB stars, star-forming regions, young open clusters, or HI clouds) shows, a two-armed, three-armed, and four-armed pattern is possible. More complex models are also known (Vallée 2008 ). This ambiguity is related to large errors in the distances (photometric and kinematic) to distant tracers of the spiral pattern.
Bobylev and Bajkova (2014, 2013b) used data on 80 Galactic masers with known trigonometric parallaxes measured by VLBI with an error, on average, of less than 10% to estimate the pitch angle of the Galactic spiral arms. These masers are associated with very young objects located in regions of active star formation. They are distributed in a wide range of distances, up to R = 20 kpc. In the outer arm, we invoked data on 12 very young star clusters with their distances estimated from infrared photometry. Based on a direct estimation method, we showed that the model of a four-armed spiral pattern (m = 4) with the pitch angle i = −13
• ± 1
• is most likely realized in the Galaxy. The Sun's radial phase in the spiral density wave depends on the age of sample stars. For example, based on a sample of distant massive OB stars, we found χ ⊙ = −90
• (Bobylev and Bajkova 2013c); from masers, we obtained the phase from χ ⊙ = −140
• (Bobylev and Bajkova 2014) to χ ⊙ = −160
• (Bobylev and Bajkova 2013a); for Cepheids, this parameter exhibits a noticeable age trend, from χ ⊙ ≈ −150
• for the youngest ones to χ ⊙ ≈ −240
• for the oldest ones (Bobylev and Bajkova 2012 (2) is Ω 0 = V 0 /R 0 = 27.5 km s −1 kpc −1 , the Sun lies within the corotation radius, where the influence of the spiral density wave is strongest (Mishurov and Acharova 2011).
According to the classical approach in the linear theory of density waves (Yuan 1969) , the ratio f r0 lies within the range 0.04-0.07 and its most probable value is f r0 = 0.05 (Fernandez et al. 2008 ). The upper limit f r0 = 0.07 is determined by the dispersion of young objects observed in the Galaxy (the dispersion at f r0 = 0.07 should reach 25 km s −1 , which exceeds a typical observed value of 10-15 km s −1 ). Note that Mishurov and Acharova (2011) took a fairly large value, f r0 = 0.1, to demonstrate the influence of the spiral density wave on the motion of protosolar cluster members; the Sun was located on the corotation circle and, as a result, they estimated the maximum effect.
All of the aforesaid gives us reason to adopt the following parameters of the spiral density wave:
as the initial approximation. Some of them, in particular, χ ⊙ and Ω p , can be varied if necessary.
RESULTS AND DISCUSSION The Model of a Four-Armed Spiral Pattern
Among the selected 1872 F, G, and K stars, only five stars are of interest: HIP 43852, HIP 104047, HIP 112158, HIP 47399, and HIP 87382. We failed to find close encounters with the solar orbit for all the remaining stars.
The first three stars are completely new candidates for the Sun's kinematic siblings. The parameters of their encounter with the solar orbit obtained by taking into account the influence of the four-armed spiral pattern are given in Fig. 1 . The physical characteristics of these stars are presented in the table 1. Their analysis leads us to conclude that HIP 112158 is poorly suited for the role of the Sun's kinematic sibling by its age, while this role is quite possible for HIP 43852 and HIP 104047.
It is interesting to check the status of our previously detected candidates for close encounters, HIP 47399 and HIP 87382, with partially new initial data in a new potential with parameters (4). For these stars, there are the corresponding plots of the encounter parameters constructed for a four-armed pattern with i = −10
• , f r0 = 0.05, and χ ⊙ = −117
Note that the proper motions and radial velocities of these stars in the XHIP catalogue (Anderson and Francis 2012) differ from those that we used previously. The difference for HIP 87382 is not large; its encounter parameters d and dV shown in Fig. 2 , differ only slightly from those derived previously (Fig. 7 in Bobylev et al. 2011) .
The difference in initial proper motions (in fact, between the Hipparcos and Tycho-2 data) for HIP 47399 is significant, ∆µ α cos δ ≈ 3 mas yr −1 and ∆µ δ ≈ 0.5 mas yr −1 . At the distance to the star r = 72 pc, this difference gives a change in the linear velocity by ∆V = 4.74r∆µ ≈ 1 km s −1 , which affects noticeably its orbital parameters; the statistics of encounters with the Sun becomes poorer -there are only rare falls into the neighborhood d < 150 pc. Note that using the proper motions from the Tycho-2 catalogue (less accurate than those in the Hipparcos catalogue in terms of random errors) is justified when analyzing the kinematics of double and multiple systems. Below, we provide some of the physical characteristics for the candidates found.
HIP 43852. This is a fairly close single star with unusual properties. For example, based on its kinematic properties, Montes et al. (2001) attributed it to the fairly young (300 Myr) Ursa Major moving group. However, despite its kinematic proximity to the group, Nakajima and Morino (2012) attributed it to field stars due to the absence of brightness n is the number of components in the system. variability as well as the ultraviolet and X-ray radiation typical of young stars. The age estimates for this star obtained by Casagrande et al. (2011) by fitting to various (Padova and BASTI) isochrones turned out to be contradictory, from ∼ 1 to 13 Gyr.
The age estimate in the table was obtained by Valenti and Fischer (2005) using the set of Yonsei-Yale isochrones (Demarque et al. 2004 ). The lower and upper age limits were 1.4 and 11.7 Gyr, respectively, with the mean value being 6.6 Gyr. These authors analyzed high-resolution (R ≈ 70000) spectra taken with the 10-m Keck telescope, the 4-m Anglo-Australian telescope of the Siding Spring Observatory, and the 4-m telescope of the Lick Observatory. Several fundamental parameters determined by these authors include the effective temperature T ef f = 5465 K; the surface gravity log(g) = 4.72 (where g is in cm s −2 ); the rotational velocity vsini = 3.7 km s table) . For this system, we used a very reliable value of the systemic radial velocity, V γ = 4.17 ± 0.35 km s −1 (Massarotti et al. 2008 ). Based on its kinematics and spectroscopic data, this system can be attributed to the Sun's chance traveling companions, a traveling companion for a short time interval, no more than 500 Myr in the past.
The Composite 2 + 4 Spiral Pattern Model
The results of applying a more complex model of the spiral pattern are of great interest. One of them is the composite (2 + 4) model proposed by Lépine et al. (2001) . In this model, the spiral density wave potential (3) contains two terms with amplitudes A2 (twoarmed component) and A4 (four-armed component). Here, the Sun is on the corotation circle (Ω 0 = Ω p ) and, as was shown by Mishurov and Acharova (2010) , the influence of the spiral pattern is so strong that the test model particles of the cluster are scattered over a significant spatial volume.
The following parameters of the spiral density wave were adopted for the two-armed spiral pattern:
• , Ω p = 27.5 km s −1 kpc 
for the four-armed spiral pattern. The results are presented in Fig. 3 . We can see that there are encounters of interest to us for all three stars. However, these encounters are less close than those obtained in the model of a four-armed spiral pattern with parameters (4), whose results are presented in Fig. 2 .
CONCLUSIONS
From the XHIP catalogue (Anderson and Francis 2012), we selected 1872 F-G-K stars with relative parallax measurement errors σ π /π < 20% and absolute values of their space velocities relative to the Sun <15 km s −1 . We constructed the Galactic orbits for all these stars for 4.5 Gyr into the past using an axisymmetric Galactic potential model with allowance made for the perturbations from the spiral density wave. The parameters of the encounter with the solar orbit were calculated for each orbit. For this purpose, we used the Galactic potential model proposed by Fellhauer et al. (2006) for R 0 = 8 kpc and the model of a four-armed spiral pattern. We detected three new stars with Galactic orbits close to the solar one in a long time interval into the past. These stars are HIP 43852, HIP 104047, and HIP 112158. The highmass spectroscopic binary HIP 112158 is poorly suited for the role of the Sun's kinematic sibling by its age. This role is quite possible for the single star HIP 43852 and the multiple system HIP 104047. We confirm the status of our previously found candidates for close encounters, HIP 47399 and HIP 87382.
For the three candidates revealed for the first time, HIP 43852, HIP 104047, and HIP 112158, we modelled their encounters with the Sun for the composite (2+4)model of the spiral pattern (Lépine et al. 2001 ). This modeling showed the presence of encounters approaches of interest to us, although they turned out to be less close than those obtained in the model of a simple four-armed spiral pattern with parameters (4).
In our opinion, the star HIP 87382 with a nearly solar chemical composition is currently the most likely candidate, because it persistently shows close encounters with the Sun on time scales of more than 3 Gyr when using various axisymmetric Galactic potential models both without and with allowance made for the influence of the spiral density wave with parameters varying within their measurement errors.
